Background-Acute leukemia is the most common cancer in children under 15 years of age; 80% are acute lymphoblastic leukemia (ALL) and 17% are acute myeloid leukemia (AML). Childhood leukemia shows further diversity based on cytogenetic and molecular characteristics, which may relate to distinct etiologies. Case-control studies conducted worldwide, particularly of ALL, have collected a wealth of data on potential risk factors and in some studies, biospecimens. There is growing evidence for the role of infectious/immunologic factors, fetal growth, and several environmental factors in the etiology of childhood ALL. The risk of childhood leukemia, like other complex diseases, is likely to be influenced both by independent and interactive effects of genes and environmental exposures. While some studies have analyzed the role of genetic variants, few have been sufficiently powered to investigate gene-environment interactions.
Methods-By September 2012, CLIC included 22 studies (recruitment period: 1962-present) from 12 countries, totaling approximately 31 000 cases and 50 000 controls. Of these, 19 casecontrol studies have collected detailed epidemiologic data, and DNA samples have been collected from children and child-parent trios in 15 and 13 of these studies, respectively. Two registrybased studies and one study comprising hospital records routinely obtained at birth and/or diagnosis have limited interview data or biospecimens.
Conclusions-CLIC provides a unique opportunity to fill gaps in knowledge about the role of environmental and genetic risk factors, critical windows of exposure, the effects of geneenvironment interactions and associations among specific leukemia subtypes in different ethnic groups.
Introduction
Leukemia is the most common cancer among children, representing about a third of all cancers occurring before the age of 15 years; approximately 80% are acute lymphoblastic leukemia (ALL) primarily in children 1-4 years old, 17% acute myeloid leukemia (AML), and 3% chronic myeloid leukemias, with some variation in ALL and AML incidence rates worldwide [1, 2] . Further classification of childhood leukemia is made on the basis of cell types for ALL, and cytogenetic/molecular characteristics (e.g., chromosome translocations such as t (12;21) , the MLL gene fusion, and aberrant chromosome number such as hyperdiploidy) [3] . These leukemia subtypes exhibit heterogeneity with regard to pathophysiology, clinical manifestations, response to treatment, and prognosis, which suggests distinct etiologies [4] . Biological studies have shown that both prenatal initiating events and postnatal promoting events could be involved in the development of childhood leukemia, consistent with the "two-hit" model confirmed in the natural history of several tumor sites and hypothesized for leukemogenesis [5] .
Apart from established associations with rare and specific inherited and congenital genetic instability disorders (e.g., Down syndrome, Fanconi anemia, ataxia telangiectasia and others), prenatal exposure to X-rays and chemotherapeutic agents, epidemiologic studies of childhood leukemia conducted during the last two decades have investigated the role of the child's immune function, fetal growth and other perinatal characteristics, as well as associations with in utero and early life exposures, including a range of environmental agents. In brief, a decreased risk of childhood B-cell ALL has been associated with surrogate measures of early common infection, such as high levels of social contact in daycare settings [6] [7] [8] [9] . Elevated risks of childhood ALL have been reported with high birth weight [10] , home use of pesticides [11] , tobacco smoking [12, 13] , diet [14] [15] [16] [17] , parental occupational chemical exposures such as solvents and hydrocarbons, and some measures of outdoor air pollution [18] [19] [20] [21] [22] [23] . Previous studies, mostly limited in scope, have evaluated the role of candidate genes involved in xenobiotic transport and metabolism [24] [25] [26] [27] [28] [29] [30] [31] [32] , DNA repair [28, 33, 34] , folate metabolic pathways [28, [35] [36] [37] [38] , and immune regulation [28, [39] [40] [41] [42] including the histocompatibility complex (human leukocyte antigen (HLA) genes) [43] [44] [45] . Recent genome wide association studies (GWAS) of childhood B-cell ALL [46] [47] [48] [49] and replication studies [50] [51] [52] [53] reported associations with genes involved in the transcriptional regulation and differentiation of B-cell progenitors in Caucasian [46] [47] [48] , Asian [49] and African-American populations [51] . However, it seems unlikely that childhood ALL, like other complex diseases, is determined solely by genetic or environmental factors, but may result from interactions between them. If this paradigm applies to childhood leukemia, the relative rarity of the disease may be explained by interactions between rare genotypes and multiple exposures. While some studies to date have attempted to investigate such geneenvironment interactions in childhood ALL [24] [25] [26] [27] 29, 31, 36, 39, [54] [55] [56] [57] [58] [59] [60] [61] [62] , most have lacked sufficient statistical power.
To overcome the limitations of single epidemiologic studies, the Childhood Leukemia International Consortium (CLIC) was established in 2007, building upon the wealth of data and biospecimens collected in over 20 case-control studies worldwide (https:// clic.berkeley.edu). The unprecedented number of children whose data are available for pooling will enhance the statistical power to investigate the contribution of pre-and postnatal exposures to the etiology of childhood ALL, AML, and rarer subtypes, and will facilitate investigation of gene-environment interactions. The aim of this paper describes the history and organization of CLIC, the participating studies, future directions and challenges.
CLIC history and organization
In 2005-2006, the investigator of the US-California childhood leukemia study (PAB) initiated contacts with investigators from Australia (EM), Canada (CIR), and France (JC) to discuss the establishment of an international consortium of epidemiologic studies of childhood leukemia. The primary goals were to share comparable epidemiologic and possibly genetic data in order to enhance statistical power of analyses and, most importantly, to exchange ideas among researchers from different disciplines including epidemiologists, tumor biologists, geneticists, immunologists, toxicologists, clinicians and statisticians about the possible causes of childhood leukemia. In collaboration with the International Agency for Research on Cancer (IARC), CLIC was established in 2007 with its first formal annual meeting. Several other leukemia investigators were invited to outline research priorities and the structure of the consortium, and consortium meetings have taken place each year since then. By September 2012, CLIC had expanded to include 22 existing individual childhood leukemia studies from 18 research groups in 12 countries within North, Central, and South America, Europe, Australia/Oceania, and Africa (https://clic.berkeley.edu). These studies have substantial similarities in research hypotheses and study designs (Table 1) .
Two projects were initiated to demonstrate a proof of principle for pooling data within CLIC. One examined the associations between maternal vitamin and folate supplementation during pregnancy and the risk of childhood ALL and AML (supported by funding from the National Cancer Institute, NCI, USA), and the other investigated the association between two measures of fetal growth and childhood ALL (supported by funding from the Cancer Council Western Australia). These initiatives enabled CLIC to develop guidelines and procedures for requesting and pooling data, and guidelines for membership and authorship. The latter were modeled on successful consortia of adult cancers (i.e., the International Lymphoma Epidemiology Consortium, Interlymph, http://epi.grants.cancer.gov/ InterLymph/); the International Lung Cancer Consortium, ILCCO, http://ilcco.iarc.fr/), and other references such as the International Committee of Medical Journal Editors (http:// www.icmje.org/). The consortium is governed by the Coordination Group, which comprises the principal investigators and designated co-investigators from CLIC studies. CLIC-wide activities such as those involving data pooling/management, disease classification/pathology, and other emerging needs are supported by the Core Logistics Groups. Research priorities for collaborative projects are set by the Interest Groups, including topics on (by alphabetical order) birth characteristics, environmental and occupational exposures, family history, genetic studies, infection and immunity, rare leukemia subtypes (such as infant leukemia, acute myeloid and promyelocytic leukemia, and T-cell ALL), and survival/outome studies. The latter group was established as an extension of the etiologic research in leukemogenesis. This Interest Group aims to determine which case series of the case-control studies are (or can be) linked with information on vital status and course of disease. Subsequently, this Group will explore survival in relation to socio-demographic factors, clinical characteristics, and treatment modalities, whenever available. Pooling projects that are approved by the Coordination Group are then implemented by Working Groups. Lastly, the Management Group, which comprises an elected Chair, Vice Chair, and Members, facilitates all CLIC operations. Participation in all groups described above is voluntary (details on CLIC organization are available at https://clic.berkeley.edu/organization).
Members of the Coordination Group who contribute epidemiologic or genetic data are Active CLIC Members, while researchers with relevant expertise, but who do not contribute data, may apply for Associate Membership of CLIC. An individual study may solicit CLIC membership directly or upon invitation by a CLIC Member; inclusion and exclusion criteria include the robustness of the study design and the scope of epidemiologic data and biospecimen available for pooling projects. As a result, CLIC represents a large subset of childhood leukemia studies including most of the large case-control studies worldwide.
Currently, data are held locally by each study principal investigator, who following bilateral data transfer agreements, sends them to the pooling project leader for data harmonization and analyses. Protocols for harmonizing common variables such as parental education and ethnicity are shared between investigators. Now that CLIC has demonstrated its ability to share and analyze data, CLIC has opted to establish a central data coordination center hosted at the IARC, Lyon, France, in order to streamline the exchange of data and relevant study information between CLIC Members, under bilateral data transfer agreements. The shortterm goal is to store common variables on socio-demographic characteristics and disease classification, other clinical characteristics and outcomes, as well as variables harmonized for pooled analyses addressing specific hypotheses. These data and their documentation will be checked for consistency and made available for future analyses after approval by principal investigators of each individual CLIC study. In addition, medium-term goals of the central data coordination center are to store original study data when requested by a principal investigator, and to develop an interactive inventory of data and biospecimens available in CLIC studies. Lastly, a long-term goal is to provide support for statistical programming, if requested by the pooling project leader. Table 1 describes the characteristics of 22 studies participating in CLIC as of September 2012. All individual studies had been approved by their respective ethics committee, and family members who provided data had given informed consent. Leukemia cases were identified from nation/region-wide population-based cancer registries, networks of hospitals or physicians -which in some countries are equivalent to national population-based coverage (14 studies), selected hospitals (6 studies), or clinical trials (2 studies). The source of controls was either population-registry based (14 studies), hospital-based (5 studies), or recruited using random-digit dialing (3 studies). In total, CLIC has accrued information for 31 239 leukemia cases and 50 166 controls (Table 2 ).
CLIC studies
Approximately half of study participants in the CLIC data set (11 157 ALL, 1836 AML, and 21 375 controls) came from 19 case-control studies in which detailed epidemiologic data were obtained using standardized questionnaires to collect information on putative risk factors. The period of enrollment started from 1980, with recruitment ongoing in some studies. Therefore, any tables describing the size of the CLIC studies may be different from what has been published at the time of this manuscript. With few exceptions, children were less than 15 years of age at recruitment. The risk factors studied include medical conditions of the child and mother (e.g., reproductive and birth characteristics, drug use, diagnostic Xrays, infection and other conditions), lifestyle (diet, consumption of alcohol, coffee, and vitamin supplementation, tobacco smoking, markers of social contact), and pre-and postnatal exposures to chemicals (e.g., pesticides, paints, hair dyes, and solvents at home or work). Biospecimens were collected for DNA extraction in 15 of the 19 case-control studies, representing approximately 9400 cases and 7100 controls. Thirteen studies also obtained DNA from child-parent trios (Table 2) , which offers a unique opportunity to enhance the validity of genetic association studies. Some CLIC studies have completed genotyping in a subset of cases and/or controls, mostly for selected single nucleotide polymorphisms (SNPs) in candidate genes involved in xenobiotic and folate metabolism and DNA repair. Other investigators are currently conducting or analyzing data from large-scale genotyping and sequencing studies, or have specimens available for future genetic investigations.
The other half of the participants in CLIC studies (15 075 ALL, 2883 AML, 28 791 controls) were ascertained from two registry-based studies and one study comprising hospital records routinely obtained at birth and/or diagnosis. These studies, with enrollment starting as early as 1962, have limited epidemiologic data available.
Several pooled analyses that maximize the use of existing epidemiologic and genetic data, and possibly outcome data for some studies, are under way (Table 3) . Following is an example illustrating the gain in statistical power to examine the association between maternal smoking during pregnancy and childhood AML within CLIC compared to individual studies: given a power of 0.80, an alpha of 0.05, a prevalence of exposure of 20%, and the use of unmatched analysis, the minimum detectable odd ratio is 1.26 for CLIC pooled analyses (930 cases and 7800 controls) vs. 1.69 and 2.96 for individual CLIC studies such as the UKCCS (248 AML cases/492 controls) or the NARECHEM study (105 AML cases/105 controls), respectively.
Classification on immunophenotypes of childhood ALL was available in 19 studies, comprising approximately 9000 B-cell and 1000 T-cell cases (Table 2) . Information on molecular lesions, as identified by conventional karyotype at the time of the leukemia diagnosis, was available for most CLIC studies, at least on a subset of cases. Only a few studies have readily available information on gene translocations, duplications and deletions using fluorescence in situ hybridization (FISH) or polymerase chain reaction (PCR) assays, which are mainly available for cases diagnosed after 2000. Quality and completeness of cytogenetic and molecular data in CLIC are currently being evaluated, as methods used for cytogenetic characterization of leukemia cases have evolved over time from conventional karyotyping to more sophisticated molecular biologic methods to detect chimeric gene products using FISH and PCR assays.
Currently, approximately 80% of study subjects in CLIC are classified as White/Caucasian/ European, based on self-reports or population demographics when detailed information was not collected. The remaining 20% include children of various ethnic backgrounds, primarily enrolled in studies from the United States, Brazil, and Egypt. We estimate that about 780 cases and 1900 controls are Hispanics. Additionally, a study from Mexico [63] with 980 cases and 750 controls will soon join CLIC. In contrast, the numbers of children reporting Asian and African backgrounds remain low (~200 cases; 800 controls for each group). For a subset of CLIC studies, population admixture will be characterized using ancestry informative markers derived from GWAS.
Future directions and challenges
CLIC is a maturing consortium that brings together a large community of scientists and clinicians with expertise in childhood leukemia research, a wealth of epidemiologic data, and a substantial amount of genetic data from 12 countries in 5 continents. CLIC is reaching out to additional investigators in Central and South America, and to new studies in Asia and possibly Africa, to expand the participation of these underrepresented ethnic groups.
A number of meta-analyses of published data from childhood leukemia studies have been conducted (e.g., maternal folate [64] , pesticides [11] , and daycare attendance [6] ). Beyond the advantage of pooling data to increase statistical power, CLIC provides access to original published and un-published data (therefore reducing potential for publication bias) and detailed recruitment statistics. This allows the CLIC investigators to assess the suitability of individual studies in pooled analyses, and to address specific research questions with adequate statistical power, such as estimating risk of rare leukemia subtypes (e.g., understudied AML, T-cell ALL, and cytogenetic subtypes), effects of rare exposures (e.g., some paternal and maternal occupational exposures), multiple time periods of exposure (e.g., sole or combined contribution of exposures occurring during preconception, pregnancy as a whole or by trimester and after birth), dose-response relationships, and possible interactions between socio-demographic (S), environmental (E) and genetic (G) factors (e.g., ExE, ExS, GxG, and GxE interactions).
We acknowledge the challenges in harmonizing existing epidemiologic data collected across a wide range of studies using various designs, and that the limitations of the original studies remain. However, by having access to original data, CLIC investigators are able to conduct comprehensive sensitivity analyses to evaluate the nature and magnitude of various biases related, for example, to non-participation and missing data in individual studies.
To address some methodological limitations of case-control studies, the International Consortium of Childhood Cancer Cohorts (I4C) was established in 2006 to pool data for over 700 000 children from birth cohorts worldwide (https://communities.nci.nih.gov/i4c/) [65] . The I4C aims to enhance exposure classification through a prospective design; however, cohort studies are not exempt from selection bias and they face challenges in accruing sufficient numbers of leukemia cases in a reasonable time period. Indeed, while the major strength of CLIC is its access to data from several thousand children diagnosed with common and rare leukemia subtypes, the anticipated number of children with leukemia participating in I4C longitudinal studies is ~400 ALL and 100 AML (based on 700 000 children) [65] . Despite the respective strengths and limitations of CLIC and I4C, there are several possible areas for complementary work between the two consortia, such as crossvalidation of findings using two methodological approaches, and joint projects to characterize biomarkers of prenatal exposures using pre-natal biospecimens that are available in I4C studies and in some CLIC case-control studies (such as archive newborn blood spots as listed in Table 2 ). The leaders and members of CLIC and I4C are working closely to maximize the benefits of the two methodological approaches, and to exchange expertise.
Other groups are collaborating to study genetic and/or environmental factors for childhood leukemia [65, 66] . The strength of CLIC, however, lies in the availability of both environmental data and the child's genetic data and/or DNA, as well as parental DNA in a subset of studies. CLIC is currently examining gene-environment interactions with targeted environmental exposure data and functional SNPs (Table 3) , and will aim to undertake relevant gene-environment analyses of SNPs with main effects that are replicated by GWAS. Lastly, because CLIC has a unique diversity of ancestries among subjects, it will be feasible to undertake GWAS among specific ethnic groups. This is particularly attractive given that leukemia incidence rates vary substantially between ethnic groups. Several practical concerns will guide the pooling of genetic data in CLIC, including the choice of genotyping platform, central vs. distributed genotyping, and the decision to pursue individual vs. consortium-wide funding.
The overarching objective of CLIC is to influence the focus and priorities for childhood leukemia research through large collaborative efforts. CLIC will continue to seek funding and partnerships to support its expanding research portfolio. CLIC is an open consortium willing to include additional collaborations. Furthermore, CLIC strives to be a dynamic consortium and has established mechanisms for the submission of new research proposals and for the development of databases with common core variables and clear data dictionaries to facilitate current and future pooling projects.
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